Abstract Algal growth in wastewater ponds has two contradicting effects on fecal coliforms (FC) decay. On the one hand, algal photosynthesis increases the FC decay due to increased pH and DO. However, on the other hand, attenuation of solar radiation by algal matter reduces the decay rate. It was therefore investigated if suppressing algal development could enhance the FC removal efficiency. Limiting the algal growth was accomplished by inserting duckweed ponds in between a series of algal ponds. Duckweed ponds are modified stabilization ponds, covered with a mat of small floating plants, that are known to remove algal from algal pond effluent.
Introduction
Series of algal ponds (AP) are known for their efficient removal of fecal coliforms (FC) from domestic wastewater (Dixo et al., 1995; Pearson et al., 1995; Reed et al., 1995) . Efficient FC removal is of paramount importance, because the FC count in the effluent indicates the health risks that can stem from effluent discharge or reuse. This work intends to present new ideas to further improve the performance of AP, to reduce the land requirements of this technology. As will be shown later, this can be achieved by making rational combinations of AP and duckweed ponds (DP). DP are modified AP, which are covered by a mat of small floating plants.
Optimization of AP design should be based on sound understanding of the mechanisms involved in FC decay and the effects of environmental factors, such as pH, dissolved oxygen (DO) and light penetration. Manipulation of the environmental conditions through pond design could improve FC decay efficiency. The effect of environmental conditions on FC decay is discussed elsewhere (Van der Steen et al., 1999a) and an overview is given in table 1. The effect of other removal mechanisms such as predation or sedimentation has been considered to be of lesser importance for the present experimental set-up.
Algal photosynthesis is crucial for efficient FC decay, because it causes a rise in the pH and DO. Therefore it has been suggested that a pond having a high algal turbidity (high sunlight attenuation) together with elevated pH and DO may be more efficient in FC removal, compared to a clear pond with limited algal growth and photosynthesis (Pearson et al., 1987) . However, algal matter has also a negative effect on FC decay due to light attenuation (Van der Steen et al., 1999a) . Algal matter actually protects most of the algal pond from sunlight irradiation which is a key factor in decay mechanisms such as photo-oxidation (Curtis et al., 1992b) . It seems therefore that algal growth has two opposite effects on FC decay. In pond systems having unhindered growth of algal, the limiting effect of light attenuation on FC decay might become more significant than the stimulating effect of high pH and DO values. In such cases suppression of the algal development should be considered. Duckweed ponds have the potential to remove algal from algal pond effluent (Van der Steen et al., 1999b) . Duckweed ponds could therefore limit the algal development in a series of algal ponds, by removing algal from the effluent of an algal pond, before it enters the next algal pond (Figure 1 ). The light attenuation is expected to be lower in the second algal pond, compared to a system without intermediary duckweed ponds. Curtis et al., 1992a Curtis et al., ,1992b • nutrient concentration • substrate concentration • temperature 
Hypothesis
It is hypothesized that in a series of shallow algal ponds, operated in climates with abundant sunshine and with sufficient nutrients in the pond water, the algal concentration becomes too high and adversely affects FC decay. It is therefore useful to reduce the algal concentration in the AP by inserting DP in between the AP of the system, to result in an integrated system of AP and DP. This adjustment is believed to result in more efficient FC removal in the algal ponds of an integrated pond system.
Materials and method
FC decay was investigated in two parallel series of mini-ponds. Series A consisted of five mini algal ponds. Series B consisted also of five mini-ponds in series, but the first, third and fifth pond were modified to duckweed ponds ( Figure 1 ). Both series of mini-ponds were fed with effluent of an upflow anaerobic sludge blanket (UASB) reactor, treating domestic sewage. The volume of each mini-pond was 63 litres and the depth 0.29 m. The mean flow rate was 63 litre/day for each series and the retention time in each mini-pond was one day. Duckweed harvesting was done regularly, but a dense duckweed mat was maintained to ensure algal decay in the duckweed ponds. The ponds were located in an open field exposed to the weather conditions of the Negev desert, Israel. The average daily intensity of global radiation ranged between 300 to 600 W/m 2 . The results presented in this paper were obtained during January/February 1998 and April/May 1998.
Sampling and analyses were done in order to continuously monitor the environmental factors and relate them to the removal of fecal coliforms in each pond. The daily minimum values of the pH and DO were determined in each pond just after sunrise and the maximum values were determined in the late afternoon (Van der Steen, 1999b). The DO was measured in situ and for the pH analyses small samples were withdrawn. The samples were taken with a syringe from the middle of the pond, 15 cm under the water surface. Sampling was done very carefully to avoid pond disturbance.
Additional samples of 200 ml were taken in the afternoons for light attenuation measurements. The average light attenuation over the wavelength range of 350 to 750 nm was measured with a Hitachi U-2000 double beam spectrophotometer. Sunlight intensity data (global radiation) at 10 minute intervals were available from the Ben Gurion Solar Energy Center.
FC counts were determined in grab samples from the influent to the pond system and from the effluent of each pond at the outlet to the next pond. Samples were taken with a sterile 12 ml plastic syringe and sterile 15 cm long thin tube. The samples were taken at sunrise and in the late afternoon when the FC counts were believed to reach a maximum and a minimum value, respectively. This is due to the detrimental conditions for FC survival during daytime (solar radiation, high pH and DO) and less detrimental conditions during the night. Morning samples were stored in a fridge, mixed with the afternoon samples and the average daily FC counts were determined using the membrane filtration method (APHA, 1995) .
Tracer experiments indicated that it was reasonable to consider each mini pond to be a completely mixed system. The first order decay coefficient for each pond could therefore be calculated using the equation (Marais, 1974) : BOD and TSS were routinely measured in the pond system influent and in each pond. The ambient and water temperature at 15 cm depth were regularly determined just after sunrise and in the afternoon. The flow rate was measured and adjusted frequently.
Results and discussion
Reliability of the collected data
The geometric mean and median of the FC counts in the samples from the ponds of the Aand B-system are shown in Table 2 . The geometric mean is a logarithmic transformation that prevents aberrant data from disturbing the mean value (Moeler and Calkins, 1980) . This transformation of the data was necessary due to the wide fluctuations of the FC counts in the ponds of the systems. The geometric mean and the median FC counts showed higher agreement for the spring experiment than for the winter experiment. This may indicate that the pond system was operating in much more stable conditions during the spring experiment. The course of the FC counts during the winter experiment (not shown) also indicated that the FC removal during the winter experiment clearly decreased. For the winter experiment the total system performance is only discussed and not the performance of individual ponds.
FC decay in the algal pond system (A) during the spring experiment
A relatively large reduction in FC count (K d = 4.0-4.4) occurred in the pond that received UASB effluent (pond A1), compared to the following ponds (K d = 1.5-3.4). This phenomenon might be explained in various ways. It has been suggested that the FC group consists of species with different resistance to natural disinfection processes . The decay rate in pond A1 might be increased due to rapid decay of the vulnerable coliform species. Another explanation might be that the environmental conditions in pond A1 were apparently enhancing the decay rate. The pH and DO increase due to algal photosynthesis in pond A1 was low, compared to the following ponds. Therefore the light attenuation by algal matter was also relatively low. Thus, the high decay rate in pond A1 might be explained by the effect of deeper light penetration. value in the corresponding AP of the conventional system (A4). This increase in FC decay efficiency might be explained by the different environmental conditions in the AP of the integrated system. The algal concentration in those algal ponds is reduced due to algal removal in the preceding duckweed ponds. Therefore both light attenuation and the increase in pH and DO are suppressed in the algal ponds of the integrated system. The reduced light attenuation is apparently the most effective environmental change, causing higher FC removal efficiency. The K d values determined for the DP were in the range 0-1, considerably lower then the K d values of the AP. The environmental conditions for FC decay in DP are apparently less favorable than in AP. A major factor causing this phenomenon is most probably the light shielding characteristics of the duckweed mat (Van der Steen et al., 1999c) . Solar radiation effects through algal photosynthesis and photo-oxidation are therefore reduced.
Comparison of the FC decay during winter and spring experiments
The FC decay in the total A-system was similar in the spring and winter periods (2.6 log units in the winter and 2.7 log units in spring), although some environmental factors were different. The temperature and radiation were higher during the spring period (Table 3) , as well as the DO in ponds A1 and A2. Also the light attenuation coefficient was higher in all ponds during the spring period. The other environmental factors (pH, organic load) were similar during both experiments. It seems that the similarity in performance of the pond systems in winter and spring can be explained by the increased light attenuation due to increased algal growth during the spring period. The stimulating effects of higher temperature and DO were apparently neutralized by the stronger light attenuation.
Although the FC decay in the integrated system was similar for both experimental periods (2.2 log units in winter and 2.3 log units in spring), it cannot be explained, due to uncertainty related to the removal efficiencies per pond for the winter experiment.
